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Ultrashort, high-power pulse generation from a master oscillator power
amplifier based on external cavity mode locking of a quantum-dot
two-section diode laser
Myoung-Taek Choi,a兲 Wangkuen Lee, Ji-Myung Kim, and Peter J. Delfyettb兲
College of Optics and Photonics/CREOL & FPCE, University of Central Florida, 4000 Central Florida
Boulevard, Orlando, Florida 32816
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We investigate an external cavity curved two-section mode-locked diode laser system based on
quantum-dot 共QD兲 gain media near 1.3 m. Pulses are generated from the external laser cavity at
a 5-GHz repetition rate and amplified using a multilayer quantum-dot semiconductor optical
amplifier. The pulses are compressed with a dual-grating dispersion compensator. The shortest, near
transform-limited pulses are obtained when the mode-locked pulses are positive 共up兲 chirped. The
compressed pulses are 1.2 ps in duration, with a pulse energy of 1.46 pJ, implying a peak power of
1.22 W. © 2005 American Institute of Physics. 关DOI: 10.1063/1.2137309兴
Monolithic mode-locked laser diodes 共MMLDs兲 are devices in which entire optical cavity components, including
gain and saturable absorber sections, are integrated together
on a single chip. The MMLDs based on quantum-well 共QW兲
and bulk structures have widely been studied1,2 due to their
excellent performance in many application areas such
as short pulse generation, high-bit rate optical telecommunication, microwave signal generation,3 and optical
interconnects.4
The MMLD based on quantum-dot 共QD兲 gain media
共QD-MMLD兲 is of interest owing to the improved performance expected, as compared to conventional QW/bulk devices. Intensive studies on QD-MMLD have been
reported.5–7 Their broad gain bandwidth and reduced linewidth enhancement factor make them excellent candidates as
sources of ultrashort,8 low noise pulses.9 Because of its low
internal absorption loss, the QD-MMLD becomes feasible at
low repetition rates below 10 GHz, in contrast to conventional QW/bulk lasers.10 It should be noted that mode-locked
operation of a QD monolithic device at a 5-GHz repetition
rate has been demonstrated;9 however, lower repetition rates
are difficult to achieve due to fabrication difficulty.
External cavity mode-locked semiconductor lasers
共ECML兲 can be constructed out of a two-section device with
a curved waveguide to reduce back reflection from a facet,
and an external mirror. The ECML has many advantages
over monolithic mode-locked lasers, such as repetition rate
tunability and flexibility that allows the modification of the
cavity design with other optical elements. The ECML also
shows improvement in noise performance1 over MMLD because of the reduced length of the active waveguide for cavities of the same repetition rates.11
In this paper, we study an external cavity mode-locked
QD two-section diode laser and the performance of external
pulse amplification and compression. Ultrashort, high-power,
and high-quality pulse trains are obtained after optical amplification with a multilayer high-gain quantum-dot semiconductor optical amplifier 共QD-SOA兲 followed by a gratingbased dispersion compensator. The addition of the dispersion
a兲
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compensator provides access to both positive and negative
dispersion, allowing the measurement of the sign and magnitude of pulse chirp.
The QD laser and amplifier epi structure was grown with
molecular beam epitaxy 共MBE兲 on an n + GaAs substrate.
The active region consists of 10 layers of self-assembled
InAs/ GaAs quantum dots, covered with 5 nm In0.15Ga0.85As.
The two-section device used for this study consists of a gain
section and a saturable absorber section. The gain section is
curved and terminated at an angle of 7° relative to the
cleaved facet to minimize the back reflection from the facet.
The residual reflectivity from the curved waveguide is estimated to be less than 10−5.12 The device length is 3 mm with
a 300-m-long saturable absorber 共SA兲 section. A ridge
waveguide of 5 m in width is formed by standard lithography and wet etching. The 15-m-gap between two sections
is chemically etched. The electrical isolation resistance between gain and absorber section was measured to be 6.4 k⍀.
After cleaving the device, it is mounted on a gold-coated
copper stud with the p side up, as cleaved.
To amplify the energy of pulses generated from ECML,
a 3.2-mm-long semiconductor optical amplifier 共SOA兲 was
fabricated using the same wafer as the two-section device.
The waveguide was angled by 7°, antireflection 共AR兲 coated,
and p up mounted. Both the two-section device and SOA
were kept at 20 ° C using thermoelectric cooler control. The
QD-SOA exhibited a thermal rollover over 300 mA.
Using the curved two-section device and an output coupler of 70% reflectance, an external cavity was constructed.
Figure 1 shows the schematic setup of the external laser cavity, the optical amplifier, and a grating compressor. The
continuous-wave 共CW兲 threshold of the unbiased SA was
70 mA. The light output versus forward bias current clearly
shows a large hysterisis under reverse bias of the absorber.
The pulses from the oscillator were amplified with the QDSOA. The maximum small signal gain and the output saturation power of the multilayer QD-SOA were measured to be
19 dB and 16 dBm, respectively, including coupling loss,
which is comparable to the performance of conventional
SOAs. The amplified pulses were diagnosed by an optical
spectrum analyzer with 0.1 nm resolution, a 14-GHz bandwidth photodetector followed by a microwave amplifier, a rf
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FIG. 1. Experimental setup. I: Isolator; OC: output coupler 共R = 70% 兲; QDECML: quantum-dot external cavity mode-locked laser; QD-SOA:
quantum-dot semiconductor optical amplifier.

spectrum analyzer, a digital sampling scope, and a
background-free autocorrelator.
Similar pulse widths and energy were obtained over a
wide range of repetition rates, between 2.4 and 6 GHz. The
fundamental cavity frequency is set to be 4.95 GHz for further investigation. The average output power of 0.5– 3 mW
was obtained from the mode-locked laser cavity. Clean
mode-locked pulses were generated without relaxation oscillation over a broad range of dc currents and reverse bias
voltage. The full width at half maximum 共FWHM兲 of the
autocorrelation trace of the pulses generated from the oscillator varies from a few picoseconds to several tens of picoseconds depending on the bias condition. Figure 2 shows the
pulse width change from 3.5 to 38 ps as a function of reverse bias voltage at a dc current of 118 mA. Near
transform-limited pulses of 3.5 ps with 1.3 nm spectral width
were obtained with a reverse bias voltage of −8 V. However,
the pulse train quality degraded simultaneously, as manifested by the increased noise sidebands in the rf spectrum,
and the pulse energy 共average power兲 decreased significantly
due to high reverse bias. In addition, multiple pulses were
formed at this high reverse bias. Robust pulses with the lowest noise sidebands in the rf spectrum were obtained at a
reverse bias of about −5 V and a dc current of 118 mA.
Hybrid mode locking was performed by modulating the absorber section at the fundamental cavity frequency with a
sinusoidal rf input power of 16– 20 dBm. The pulse width
was found to be similar in both hybrid and passive mode
locking. The optical and rf spectra of the high quality passive
mode-locked pulses are shown in Figs. 3共a兲 and 3共b兲.
A dual grating dispersion compensator was constructed
to investigate the chirp of the mode-locked pulses. The internal telescope configuration was used to access both signs of
chirp. The groove density of the grating was 1100 g / mm,
and the insertion loss of the grating compensator after a
double pass was 5.4 dB. The mode-locked pulses with the
autocorrelation signal width of 15 ps with 3 dB bandwidth of

FIG. 2. 共a兲 Normalized autocorrelation trace with different reverse bias voltage. 共b兲 FWHM of autocorrelation signal vs reverse bias voltage on absorber
section at dc= 118 mA.
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FIG. 3. Spectrum of passive mode-locked pulses. dc= 118 mA; reverse bias
voltage= −5 V. 共a兲 Optical spectrum, 共b兲 rf spectrum.

the optical spectrum of 3.1 nm were sent to the grating compressor. The corresponding time bandwidth product 共TBP兲 of
⬃6 implies that the mode-locked pulses generated from the
ECML are highly chirped before compression. The linear
component of the chirp is compensated by changing the position of the second grating. The optimum pulse compression
was achieved in the negative GVD region of the compressor,
where the position for the second grating is outside the focal
length. Thus the output pulses of the ECML are positive or
frequency up chirped. The up-chirped pulses are typically
observed in electrically pumped passive mode-locked semiconductor lasers based on QW/bulk medium13 with only a
few exceptions at very high repetition rate.14 As a result of
the compression, 1.2-ps deconvolved pulse widths, assuming
a sech2 pulse intensity profile are obtained. The TBP of 0.69
was achieved, which is about twice the Fourier-transform
limit. Figure 4 shows the autocorrelation signal of the uncompressed and compressed pulses. The overlap between the
experimental data and the fit shows the high quality of the
compressed pulse shape without significant tails caused by
nonlinear chirp. The average power after compression is
7.2 mW, implying that the peak power and energy of the
compressed pulses are 1.22 W, and the 1.46 pJ, respectively.
To further investigate the chirp of the pulses generated
from the laser cavity, we measured the magnitude of the
chirp parameter as a function of driving currents and reverse
bias voltages using a device with an absorber of 200 m
long. The offset position of the second grating from zero
dispersion providing the minimum pulse width is converted
into the chirp parameter in units of ps/nm. Figure 5 shows
that the magnitude of up chirp increases with injection

FIG. 4. Autocorrelation signal of the compressed pulses.

221107-3

Appl. Phys. Lett. 87, 221107 共2005兲

Choi et al.

mode-locked lasers, highlighting the effect of the ␣ parameter in saturable absorption and saturable gain.
1

FIG. 5. The chirp of pulses as a function of 共a兲 driving currents and 共b兲
reverse bias voltages.

currents, and decreases with reverse bias voltages. The opposite trend is a consequence of the fact that the phase modulation of an absorbing media due to amplitude-phase coupling has the sign opposite to that of the gain medium.15 This
measurement shows that the total chirp can be controlled by
changing the relative strength of the absorber and gain sections. The two mechanisms may cancel each other under
special conditions, leading to transform-limited pulses,5
which is most likely to occur at high reverse bias voltages.
Another consequence of the large chirp measured in this experiment shows that the dynamic linewidth enhancement factor 共␣兲 of the QD device at high photon density is significantly large, in contrast to the small “material” ␣ parameter
below threshold, which is consistent with previous
reports.16,17
In summary, the first external cavity mode-locked
quantum-dot two-section laser is reported. It is found that the
mode-locked pulses have strong linear chirp, enabling an order of magnitude compression ratio. Ultrashort pulses of
1.2 ps width and a pulse energy of 1.46 pJ, implying a peak
power of 1.22 W, were obtained as a result of amplification
with a multilayer QD-SOA and dispersion compensation.
The measurement of chirp is reported for the first time in QD
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